Introduction
Almost two centuries ago, microscope observations of neurons resulted in the identification of a subnuclear structure that in 1839 was named the nucleolus by Gabriel Valentin [1] . Subsequent work done mostly in transformed cells revealed that the nucleolus is an initiation site for ribosomal biogenesis and as such determines cellular translation capacity and regulates cell growth [2] [3] [4] [5] . Additional nucleolar functions have also been identified, including various stress responses [6, 7] . Although neurons are post-mitotic cells, which on reaching maturity have limited growth potential, they often display prominent nucleoli. However, until recently the neuronal functions of nucleoli have not been addressed by direct experimentation. The aim of this review is to discuss the results of several studies from the past few years that have directly addressed the significance of neuronal nucleoli, and to identify some important questions that remain to be addressed.
Biology of the nucleolus
The nucleolus is assembled around several hundred copies of the repeated 45S rRNA gene (ribosomal DNA, rDNA) that are located in several clusters at various chromosomal locations throughout mammalian genomes [2,3]) ( Figure 1a ). rDNA is transcribed by a specialized nucleolar RNA polymerase, RNA polymerase-1 (Pol1) [3] . Transcription of rDNA initiates ribosomal biogenesis ( Figure 1a ).
Additionally, Pol1 activity promotes the formation and maintenance of the nucleolus, including that of postmitotic neurons [8, 9] (Figure 1b) . Hence, it is unsurprising that the size and structural organization of the nucleolus is directly related to the rate of ribosomal biogenesis [2] .
Numerous additional steps in the maturation of precursors of the small and large ribosomal subunits (SSU and LSU, respectively) are also nucleolar [2, 4, 5] ). The primary Pol1 transcript, 45S pre-rRNA, undergoes extensive cotranscriptional modification including ribose methylation and uridine isomerization to pseudouridine that may be required for the proper structural organization and activity of mature rRNA [4, 5] . Ribosomal proteins begin to assemble on the nascent transcript, which, together with a vast array of accessory factors, stimulate subsequent steps of ribosomal subunit maturation including pre-rRNA processing and nuclear export. The pre-LSU assembly in the nucleolus also involves incorporation of 5S rRNA that is transcribed from non-nucleolar genes by RNA polymerase-3 [10] . Eukaryotic ribosomal biogenesis is a highly complex process that involves 80 ribosomal proteins, more than 200 non-ribosomal proteins and 75 small nucleolar RNAs (snoRNAs) [4, 5] . In a rapidly dividing cell, several thousand ribosomes are generated every minute [4] . rRNA transcription accounts for at least one-half of the total transcriptional output of a cell during active proliferative growth [3, 4] . Hence, ribosomal biogenesis represents a major item in the energy budget of proliferating cells [11] . High rates of ribosomal biogenesis are also expected in cells that do not divide but, instead, rapidly increase their volume, such as maturing oocytes, neurite-extending neurons and myelinating oligodendrocytes.
Multiple mechanisms are employed to adjust the rate of ribosomal production to cellular demand [3] . The primary target for such regulation is rDNA transcription. Several studies have shown that stimulation of rDNA transcription is sufficient to increase the entire process of ribosomal biogenesis, accelerating proliferation [12, 13] . Transcription of rDNA is regulated at the level of Pol1 activity and also by epigenetic mechanisms that affect the number of transcriptionally active rDNA genes [3, 14] . Thus, growth factors, nutrients and stressors increase or decrease Pol1 activity, respectively. Many of their effects on Pol1 are mediated by signaling kinases, including positive regulation by the mammalian target of rapamycin (mTor) and extracellular signal related kinases-1/2 (ERK1/2), and negative regulation by the c-Jun N-terminal 
